Preplant soil fumigation has been the standard treatment for the control of perennial crop replant diseases, including apple replant disease (8, 10) . Although significant effort has been invested in the development of alternatives to soil fumigation for control of replant diseases (5, (21) (22) (23) (26) (27) (28) 30, 31) , there continues to be a lack of effective and economically feasible nonfumigant control strategies. Confusion regarding the etiology of replant diseases has been a significant impediment in the design of alternative control methods, and this uncertainty can be attributed to the diversity of components in an orchard ecosystem that can ultimately depress tree growth in new plantings established on old orchard sites (26) . However, despite the potential of multiple factors to influence replant disease severity, repeated reports demonstrating dramatic improvement in tree growth and fruit yield in response to soil pasteurization (9, 14) or fumigation (8, 10, 19, 23) prior to replanting old orchard sites offer evidence that replant disease is primarily a biological phenomenon rather than the direct result of abiotic factors.
The etiology of apple replant disease is commonly characterized as a pathogen complex varying from site to site, even among orchards within close proximity (26) . In contrast, studies conducted in Washington State indicated that the pathogen complex was somewhat consistent among orchard sites and that the primary agents included fungi/oomycetes of the genera Rhizoctonia, Cylindrocarpon, and Pythium, along with Phytophthora cactorum, at times acting in concert with the lesion nematode, Pratylenchus penetrans (14, 19) . Subsequent studies have decisively supported original findings documenting a causal pathogen complex (19) . Regardless of the apparent regularity in pathogen composition, the development of targeted approaches for the management of a disease syndrome incited by such a diverse biological consortium seems improbable; however, progress has been attained in achieving this goal in conventional production systems. For instance, on sites lacking significant lesion nematode numbers, preplant Brassica napus seed meal soil amendment used in conjunction with a postplant application of mefenoxam provided effective disease control and enhanced fruit yields, at times to levels similar to those attained in response to soil fumigation (19) . Mefenoxam application is a necessary component of this management strategy due to the stimulatory effect of the amendment on resident populations of Pythium spp. (16, 19) . In the instance where lesion nematode was a significant component of the pathogen complex, the seed meal-mefenoxam treatment enhanced tree growth relative to the nontreated control, but was inferior to preplant soil fumigation primarily due to ineffective suppression of Pratylenchus penetrans (19) .
The need for a postplant mefenoxam soil drench diminishes or negates the utility of B. napus seed meal amendment as a disease control option in organic production systems. In addition, widespread adoption of such a disease control strategy will require further demonstration of consistent efficacy, particularly across soil systems where the lesion nematode contributes to disease development. Brassicaceous seed meal soil amendments provide disease control through various mechanisms, both biological and chemical, which vary with both the seed meal source and the target pathogen (6, 16) . Although products resulting from the hydrolysis of 3-butenyl glucosinolate, the dominant glucosinolate found in B. napus seed meal utilized in the previous studies, are not capable of suppressing Pythium spp. (12), alternative seed meals exist which do not elicit a stimulatory effect on Pythium populations resident to orchard soils (17) .
Individual and composite seed meal formulations were evaluated in greenhouse and growth chamber assays for the capacity to suppress the diverse components of the pathogen complex inciting apple replant disease (16) . In the current study, brassicaceous seed meals possessing dissimilar mechanisms of biological activity were evaluated in field trials with or without a postplant mefenoxam soil drench to assess their potential to serve as an effective nonfumigant alternative for the management of apple replant disease. Based The efficacy of brassicaceous seed meals for the control of apple replant disease and the effects of such treatments on the causal pathogen complex were examined in conventional and organic production systems. When used in conjunction with a postplant application of mefenoxam, Brassica juncea and Sinapis alba seed meal soil amendments were as effective as preplant fumigation of soil with 1,3-dichloropropene-chloropicrin in terms of disease control, tree growth, and overall fruit yields of Gala/M26. Brassica napus seed meal amendment-mefenoxam soil drench also enhanced yields in a manner comparable to preplant fumigation, but vegetative growth was intermediate between the control and fumigation treatments. When applied alone, seed meal amendments failed to enhance tree growth or control disease to the level attained in response to soil fumigation. Postplant mefenoxam treatments revealed that failure of seed meal amendments to enhance tree growth and yield when used independently was due, at least in part, to increased apple root infection by Pythium spp. in B. napus and S. alba seed meal-amended soils, and by Phytophthora cambivora in B. juncea-amended soil. As mefenoxam treatment is not compatible with organic cropping systems, a seed meal blend was formulated which, based upon biological activity, was predicted to suppress known components of the target pathogen complex without need of additional treatment. Gala/M26 trees planted in soils treated with a 1:1 ratio of B. juncea:B. napus seed meal blend performed as well in terms of disease control and vegetative growth as trees cultivated in fumigated soil at an organic-certified orchard. Because these trials utilized the highly susceptible rootstock M26, the results demonstrate that these amendments are a viable alternative to soil fumigation for the control of apple replant disease in both conventional and organic systems.
upon the initial findings from this study in a conventional orchard and the spectrum of pathogen suppression obtained with the various seed meals, a seed meal formulation was devised and evaluated for use in an organic orchard production system.
MATERIALS AND METHODS
Orchard sites. Studies were conducted at the Columbia View Research (CV) orchard near Orondo, WA and at a commercial certified-organic orchard (Stormy Mountain Ranch [SMR]) near Chelan, WA. Apple (Malus domestica Borkh.) cv. Red Delicious on seedling rootstock and cv. Jonagold on M26 rootstock were previously planted at the CV and SMR orchards, respectively. Removal of the old orchard blocks was conducted in 2000 and 2004 at the SMR and CV orchard, respectively. The biological elements contributing to disease development at the CV orchard have been described (13) (14) (15) and include R. solani AG-5 and AG-6, Pythium heterothallicum, P. intermedium, P. recalcitrans (20) , Phytophthora cactorum, and Cylindrocarpon destructans. A similar biological complex is present in SMR orchard soils, although species composition of the Pythium and Rhizoctonia populations were determined in this study as described below. Although lesion nematode numbers were consistently low in CV orchard soil (14, 19) , plant bioassays conducted prior to establishment of the field trials predicted a moderately high lesion nematode pressure at the SMR orchard. Pratylenchus penetrans was recovered from Gala seedlings planted in SMR orchard soil at densities of 150 to 200 g -1 root.
Brassicaceous seed meals. Seed meals utilized in these studies include Brassica napus cv. Athena (3), B. juncea cv. Pacific Gold (2), and Sinapis alba cv. IdaGold (1) . Mineral and glucosinolate content of these seed meals were previously determined and published (17) . IdaGold and Pacific Gold seed meal contained over ninefold and almost 12-fold higher total glucosinolate content, respectively, compared to the low glucosinolate Athena meal. The primary glucosinolate in Pacific Gold is allyl, accounting for over 99% of the total 302.9 µmol g -1 of glucosinolate in the defatted seed meal. Similarly, the primary glucosinolate type in IdaGold is 4-hydroxybenzyl glucosinolate, accounting for over 96% of the total content. All three cultivars produce low concentrations of 2-hydrox-3-butenyl glucosinolate, and the major glucosinolate types in Athena are 3-butenyl and 4-pentenyl glucosinolate. Allyl glucosinolate is only present in Pacific Gold seed meal, while 4-hydroxybenzyl glucosinolate is found only in IdaGold seed meal.
Among these seed meals, only that from B. juncea yields a volatile isothiocyanate when incorporated into soil. Seed meal from B. juncea, but not B. napus or S. alba, can suppress Pythium and provides superior suppression of both Pratylenchus penetrans (17) and C. destructans (M. Mazzola, unpublished data). All three seed meals effectively suppress apple root rot incited by R. solani AG-5 and do so via both biological and chemical mechanisms (16) .
Prior to mechanical seed crushing, the seed was heated to 50°C, and during the crush process the seed meal reached temperatures no higher than 70°C. The temperature attained by the seed meal in the oil extraction process was not high enough to cause degradation of glucosinolates or myrosinase. After this relatively low temperature crush, oil content of the seed was 10 to 11% of total weight. Seed meals were stored in waterproof metal storage bins until used to amend soil in this study. SMR orchard trials. Based upon the preliminary results obtained at the CV orchard trial reported here, it was apparent that none of the seed meals, when used alone, would effectively control replant disease. In addition, mefenoxam is not compatible with organic production, and thus it was apparent that none of the treatments employed at the CV orchard would be suitable for use in organic orchards. Therefore, a seed meal formulation was devised, based upon the biological activity spectrum of its individual components, with potential to circumvent the need for The second trial, which involved establishment of a new orchard block at the SMR orchard, was initiated in 2007 and included a no treatment control, 1,3-dichloropropene-choloropicrin preplant soil fumigation, and soil amendment using the composite seed meal blend evaluated in the 2006 rootstock trial. The study utilized a randomized complete block design with six replicate plots and 12 trees per replicate for each treatment. Soil fumigation was conducted by the commercial applicator on 3 April, seed meal was applied on 23 April, and plots were covered with plastic sheeting as described above. Plastic was removed on 17 May, and the site was planted to Gala/M26 apple on 23 May 2007. The site was managed by the commercial grower using standard organic methods in fertility, pest and disease control, including cultivation of the tree row for weed management. As this was a commercial orchard operation, these newly established trees were not allowed to set fruit during the trial period, and thus yield data were not obtained.
Assessment of plant growth and yield. The effect of soil treatments on tree growth was assessed by monitoring the increase in tree diameter for the duration of each trial. The main stem of each tree was marked with latex paint at a point 0.7 m above the soil line, and diameter measurements were periodically conducted at this point using an electronic caliper at two perpendicular directions to achieve a mean trunk diameter. Fruit yield data were obtained each year at the CV orchard trial. Fruit were harvested from all trees, and all yield and growth data were recorded in the field on a per tree basis. All growth and yield data were combined on a per plot basis prior to statistical analysis.
Soil sampling and assessment of Pythium spp. density. For each trial, a soil sample was collected from each plot on the date of planting, prior to mefenoxam application at the CV orchard, and at the end of the initial growing season. Soils were collected at two locations in each plot at a depth of 10 to 30 cm. Soils were immediately transported to the laboratory for determination of Pythium populations as this pathogen, along with Pratylenchus penetrans, was perceived to be the dominant limitation for successful broad-scale use of individual brassicaceous seed meals for replant disease control. For each sample, 5 g of soil was suspended in 25 ml of sterile distilled H 2 O, vortexed for 90 s, and serial dilutions of the suspension were plated onto a Pythium semiselective medium (PSSM; 18). Plates were incubated at room temperature and examined after 24 and 48 h to estimate soil populations of Pythium spp. Any emerging colonies of questionable morphology were examined microscopically to determine identity.
Root collection and microbial analysis. Root sampling was conducted during October of the initial growing season for each trial. In addition, root samples were collected in 2009 at the end of the third and fifth growing season for the SMR orchard trial established in 2007 and the CV orchard trial established in 2005, respectively. In the SMR orchard rootstock trial, all trees were harvested and root populations of Pratylenchus penetrans were determined for each plant. For the Gala/M26 CV and SMR orchard trials, root samples were collected from two trees in each treatment plot; the upper 5 cm of the soil surface was removed with a shovel and roots were collected at a depth of 5 to 20 cm at two opposing sides of the tree at a distance 20 to 40 cm from the tree base. A 0.5-g tissue subsample from each tree was utilized for determination of P. penetrans root populations. Individual samples were placed into 125-ml flasks containing 80 ml of sterile distilled water. Flasks were placed on a reciprocal shaker at 150 rpm and incubated at 22°C for 5 days. Nematodes were collected by passing the suspension twice through a 350-mesh sieve and backwashing into a counting dish. P. penetrans were counted using a light microscope (×40).
A determination of apple root infection by oomycetes and fungi, including Cylindrocarpon, Rhizoctonia, and Pythium, was conducted by plating root segments (0.5 to 1.0 cm in length) on water agar amended with ampicillin (100 µg ml -1 ) and PSSM agar, as described previously (14) . For SMR orchard samples, hyphal growth emanating from apple root segments representative of Pythium or Rhizoctonia spp.
were subcultured onto fresh PSSM agar and water agar amended with ampicillin (100 µg ml -1 ), respectively, and incubated in the dark at 22°C. After 72 h, fungi were subcultured individually in 5 ml of potato dextrose broth amended with ampicillin and grown without aeration for 96 h. Mycelium was harvested and DNA was extracted using a MoBIO Ultraclean Microbial DNA isolation kit (MO BIO Labs, Carlsbad, CA). Polymerase chain reaction amplification of DNA was conducted using the internal transcribed spacer ITS4 and ITS5 primer set (29) as previously described (25) . Amplification products were cloned into pCR 4-TOPO and transformed into chemically competent Escherichia coli TOP10 cells (Invitrogen, Carlsbad, CA). Plasmid DNA was extracted from transformants using the S.N.A.P. miniprep plasmid purification kit (Invitrogen), and inserts were sequenced using a Dye Terminator Cycle Sequencing Quick Start Kit (Beckman Coulter, Fullerton, CA) and a CEQ 8000 Genetic Analysis system (Beckman Coulter). Sequencing was conducted in one direction using the M13 reverse primer (5′-CAGGAAACA GCTATGAC-3′), and consistently yielded reads that were greater than 600 bp in length. For each resulting sequence, a BLAST search was performed on GenBank to identify the most closely related species and anastomosis groups of Pythium and Rhizoctonia, respectively.
Initial vegetative tree growth data established the need for additional examination of the spectrum of oomycetes colonizing apple roots at the CV orchard, and DNAbased protocols were utilized in these analyses. For each treatment, fine roots from one tree in each plot were collected on 9 October 2005 and immediately transported to the laboratory. DNA was extracted from a 50-mg fine root sample from each tree using the MO BIO UltraClean Plant DNA isolation kit (MO BIO Labs). The ITS2 region was targeted in polymerase chain reaction amplifications using the primers OOM-UP5.8S01 (5′-CAACTTTCAGCAGTGGATGTCT-3′; 11) and Oom-lo28S-345H (5′-ACTTGTTCG CTATCGGTCTCGCA-3′; 24). Reactions were carried out in a volume of 50 µl that included 1 µl of diluted DNA (5 to 10 ng), 2.5 units of Amplitaq Gold DNA polymerase (Applied Biosystems, Foster City, CA), 1× manufacturer's reaction buffer, 3 µl of a 25-mM MgCl 2 solution, and 200 µM each dNTP. The cycling conditions were 94°C for 2 min, followed by 30 cycles of 94°C for 60 s, 55°C for 45 s, and 72°C for 60 s, followed by 1 cycle at 72°C for 7 min. Amplification products were cloned, sequenced, and analyzed as described above.
Data analysis. Data were analyzed using SigmaStat (version 3.1; Systat Software Inc., Point Richmond, CA). Growth and yield data for all trees in an individual plot were combined to attain a single value for use in analysis. Percent root infection data and soil population data were transformed to arcsine square root and log10 values, respectively. Data were subjected to analysis of variance, and means separation was performed using the StudentNewman-Keuls method.
RESULTS
CV orchard trial 2005 to 2009. Growth and yield of Gala/M26 apple at the CV orchard was significantly different among soil treatments. Mean tree diameter at planting was 13 mm at a height 0.7 m above ground level. Telone-C17 preplant soil fumigation and all seed meal treatments when used in conjunction with a postplant mefenoxam soil drench significantly (P < 0.05) increased vegetative tree growth over the course of five growing seasons relative to the no treatment control (Fig. 1A) . Vegetative tree growth for the B. juncea seed meal and S. alba seed meal plus mefenoxam treatments was similar to preplant soil fumigation throughout the 5-year study. Growth of trees in B. napus seed meal/mefenoxam treated soils was intermediate between the control and fumigation treatments. Mefenoxam alone did not significantly (P > 0.05) increase tree growth relative to the control. When utilized alone, B. napus seed meal and S. alba seed meal significantly improved initial vegetative tree growth relative to the nontreated control, but this response was transient and not maintained beyond the first and second growing season, respectively (Fig. 1B) . The growth of trees planted in B. juncea seed meal-treated soil did not differ significantly from the nontreated control at any point in this study.
Fruit yields in response to soil treatments exhibited a similar pattern to that observed for vegetative tree growth. All seed meal treatments when used in conjunction with mefenoxam resulted in cumulative fruit yields that were significantly (P < 0.05) greater than the nontreated control and did not differ significantly from yields attained in response to 1,3-dichloropropene-chloropicrin soil fumigation (Fig. 2) . When used alone, among seed meal treatments, only S. alba seed meal significantly (P = 0.038) increased cumulative fruit yield relative to the control, but yields were significantly lower than those attained in response to preplant soil fumigation, B. juncea seed meal/ mefenoxam, or S. alba/mefenoxam soil treatments. The postplant mefenoxam treatment alone did not improve Gala/M26 cumulative fruit yields relative to the control (P = 0.311).
Relative growth and yield achieved in response to soil treatments at the CV orchard, in general, were associated with suppression of the pathogen complex which incites replant disease at this site. As anticipated based upon previous trials, B. napus seed meal and S. alba seed meal amendments significantly (P < 0.001) increased populations of Pythium spp. in orchard soils prior to planting, from 165 CFU g -1 soil to >4,500 CFU g -1 soil. All other treatments, including the nontreated control, had low Pythium soil populations which were not significantly different and induced root infection rates ranging from 0 to 6% of the roots sampled (data not shown). Relative to the control, infection rates were significantly higher in B. napus (13%; P = 0.015) and S. alba (12%; P = 0.024) seed meal-amended soils. Given the absence of detectable root infection by Pythium spp. of trees established in B. juncea seed meal-amended soil (data not shown), the increase in vegetative growth attained in response to the postplant mefenoxam soil drench was not expected. Therefore, further examination of the oomycete community resident to tree roots was explored using a DNA-based protocol. Sequence analysis of cloned amplicons obtained in reactions with DNA extracted from apple roots and oomycete specific primers indicated that all trees grown in soils treated with B. juncea seed meal alone were infested with Phytophthora cambivora. In contrast, Phytophthora and Pythium spp. were not detected in the clone population generated using DNA extracts from trees grown in B. juncea seed meal/mefenoxam treated soils. For the control, fumigation, B. napus seed meal, and B. napus seed meal/mefenoxam treatments, P. cambivora was detected in the roots of only one of five sampled trees. Phytophthora was not represented among sequenced clones derived from root samples for either the S. alba seed meal or S. alba seed meal/mefenoxam treatments.
Percent Gala/M26 root infection by Cylindrocarpon spp. differed significantly (P < 0.001) among soil treatments. B. juncea and S. alba seed meal treatments with or without mefenoxam and preplant soil fumigation significantly (P < 0.05) reduced root infection by Cylindrocarpon spp. relative to the control (Fig. 3) . Percent Cylindrocarpon root infection was similar among B. napus seed meal, B. napus SM/mefenoxam, mefenoxam, and control treatments. Rhizoctonia root infection was reduced significantly (P < 0.05) in response to seed meal treatments relative to the control, the sole exception in this trial being the B. juncea seed meal treatment (Fig. 3) . Rhizoctonia root infection was lowered numerically lower in response to pre-plant soil fumigation but was not statistically different (P = 0.069) from the nontreated control.
SMR rootstock trial 2006. Populations of Pythium spp. were significantly higher in B. napus seed meal-amended soil relative to all other soil treatments at planting of M26 rootstock ( Table 1) . Inclusion of B. juncea seed meal in the B. napus seed meal amendment significantly depressed the proliferation of Pythium observed in response to B. napus seed meal alone. Relative Pythium densities among soil treatments were similar in the spring and autumn soil samplings. However, statistically significant (P < 0.05) differences between preplant 1,3-dichloropropenechloropicrin fumigation or the composite B. napus/B. juncea seed meal soil amendment and the control were only detected in the spring sampling. Preplant soil fumigation and B. napus/B. juncea seed meal, but not B. napus seed meal, amendment suppressed numbers of Pratylenchus penetrans recovered from M26 apple roots at harvest (Table 1) . M26 rootstock trunk diameter was significantly (P < 0.001) larger for all soil treatments relative to the control (Table 1 ). There were no signifi- cant differences in shoot or root biomass among soil treatments (data not shown). In total, these data suggested that the composite seed meal formulation may have value as a strategy for control of replant disease in organic orchard systems.
SMR orchard trial 2007 to 2009. Preplant soil fumigation and the composite seed meal amendment significantly enhanced growth of Gala/M26 apple at the SMR organic orchard relative to the no treatment control (Fig. 4) . After three growing seasons, increase in tree trunk diameter from the date of planting was similar for the preplant fumigation (1.61 cm) and seed meal treatments (1.54 cm), and significantly (P < 0.02) greater than the control (1.28 cm). Differences in vegetative tree growth among soil treatments were associated with the level of pathogen suppression achieved. Most noteworthy was the sustained suppression of P. penetrans achieved in response to the composite seed meal amendment. When sampled at the end of the 2007 growing season, Gala/M26 root populations of P. penetrans were relatively low for all treatments, although root populations for trees in both the fumigation and seed meal treatments were significantly (P < 0.001) lower than that in the no treatment control (Fig. 5) . By October 2009, densities of P. penetrans in roots of Gala/M26 grown in nontreated soil had increased from approximately 100 g -1 root to >500 g -1 root, and were significantly (P = 0.003) higher than the fumigation and seed meal treatments. Infection of Gala/M26 roots by Cylindrocarpon species was significantly (P = 0.014) reduced from 44.2% to approximately 25% in both the fumigated and seed meal treatments (Table  2) . Seed meal amendment, but not soil fumigation, significantly (P = 0.009) reduced Pythium spp. soil populations relative to the control. Although Pythium root infection was not significantly different among soil treatments at either the 2007 or 2009 sampling, the trend in both years was for lower infection rates in the seed meal and fumigation treatments. The majority (58%) of Pythium isolates recovered from apple roots at this site were identified as P. ultimum var. ultimum, with additional species including P. sylvaticum (16%), P. irregulare (11%), and P. rostratifingens (5%). Rhizoctonia root infection was not detected among root samples collected in 2007, but Rhizoctonia spp. were recovered from all treatments in the 2009 root samples. Percent Rhizoctonia root infection was <5% for all treatments, and there were no significant differences among soil treatments. All Rhizoctonia spp. isolates recovered from roots of apple at this site were binucleate species belonging to anastomosis group (AG)-G or AG-I.
DISCUSSION
Development of nonfumigant alternatives for the management of apple replant disease is considered a daunting task due to the complexity of organisms that can incite the disease and the supposed variability in the causal biological consortia among orchard sites. While nonfumigant methods are sought for conventional systems, the need is perhaps even more vital to organic production systems which continue to employ soil fumigation for the control of replant disease due to the absence of effective alternatives. Development of an effective nonfumigant method for control of replant disease compatible with organic standards will be of significant value, as it will preempt the need to recertify replanted orchard ground after fumigation.
The system employed in this and previous studies has centered on the use of preplant brassicaceous seed meal amendments for the control of apple replant disease in conventional and organic orchard management systems. The current trial supported the findings of a previous trial (19) whereby B. napus seed meal amendment in conjunction with a postplant metalaxyl soil drench effectively promoted growth and yield of apple, but only when lesion nematode did not contribute significantly to replant disease, as is the case at CV orchard. Given the available data from controlled environment studies concerning the biological activity of the seed meals studied (16, 17) , there existed an expectation that B. juncea seed meal soil amendment would independently provide effective control of replant disease. This assumption was based upon the observation that B. juncea seed meal amendment does not stimulate Pythium (16, 17) , and therefore would negate the need for postplant application of mefenoxam, which is required for effective replant disease control with the Pythium-stimulating B. napus seed meal (7, 19) . Tree performance in soils amended with B. juncea seed meal or S. alba seed meal receiving a postplant mefenoxam soil drench was equivalent to trees established in fumigated soils and superior to that attained in response to the B. napus seed meal/mefenoxam treatment. However, when B. juncea seed meal was utilized independently at the CV orchard, Gala/M26 growth and yield were no different from those attained in the no treatment control. These findings indicated that an oomycete pathogen was responsible for the poor growth of trees in response to the independent B. juncea seed meal treatment.
Failure of the B. juncea seed meal to provide disease control when used alone at the CV orchard was primarily due to the emergence of Phytophthora cambivora as the dominant pathogen isolated from apple roots, as other elements of the causal biological complex were effectively controlled. The contribution of P. cambivora to disease development at this site was unexpected, as P. cactorum previously was identified as the most prevalent Phytophthora species in soils from the CV orchard (14) , and Phytophthora spp. were not detected using conventional root plating methods in the current trial. The contribution of P. cambivora to growth and yield suppression was only detected through comparative analysis of tree growth in B. juncea-amended soils with and without postplant mefenoxam and molecular characterization of the oomycete population resident to roots of trees grown in these respective soils.
Initial data from the CV orchard trial indicated that the seed meal/mefenoxam treatments employed in the study could provide control of apple replant disease. However, it was evident that none of the brassicaceous seed meal amendments would be compatible with organic production systems, as in each instance a postplant mefenoxam application was required for effective disease control. Therefore, subsequent studies were conducted at the SMR orchard to evaluate a composite amendment consisting of B. juncea and B. napus seed meals. This seed meal formulation was selected due to the spectrum of z Means in the same column followed by the same letter are not significantly different at P > 0.05. biological activity possessed by the individual seed meals when used as a soil amendment. For example, B. napus seed meal amendment elevates, but B. juncea seed meal effectively suppresses resident populations of Pythium spp. (16, 17) . The converse appeared to be true with respect to the activity of Phytophthora spp. in CV soil amended with the respective seed meals; infection of Gala/M26 roots by P. cambivora was elevated in B. juncea seed meal but not B. napus seed meal treated soils. The composite seed meal amendment improved vegetative growth of Gala/M26 apple in a pattern equivalent to that attained in response to 1,3-dichloropropenechloropicrin preplant soil fumigation. Enhanced tree growth response was consistent with suppression of the pathogen complex associated with replant disease at this site. Soil fumigation and seed meal amendment had nearly indistinguishable effects on soil populations or apple root infection by Cylindrocarpon, Pythium, and Pratylenchus penetrans. A notable exception was the superior suppression of Pythium spp. soil populations in response to seed meal amendment which was observed in the October 2007 soil sampling of the SMR orchard field trial. The composite seed meal provided prolonged suppression of lesion nematode populations to a level equivalent to that attained through preplant soil fumigation. This is of consequence as the previous failure of B. napus seed meal/mefenoxam treatment to control replant disease at one orchard site (19) was attributed to the rapid reinfestation of seed meal-amended soil, and associated root infestation, by Pratylenchus penetrans. These results indicate that the composite seed meal treatment when used independently can be effective for replant disease control and are of significance, as at present effective control measures compatible with organic production standards do not exist.
The M26 apple rootstock used in these and previous trials is among the most susceptible to the various members of the pathogen complex that incites replant disease (17) . This fact and the positive results obtained in these trials suggest that there exists significant capacity to improve upon performance of a replant disease control system that utilizes brassicaceous seed meal amendments. Rootstocks tolerant or resistant to particular elements of the pathogen complex have been identified (4, 9, 17) , and controlled environment studies indicate that the capacity of seed meal amendments to provide disease control can function in a rootstock-dependent manner (17) . For instance, a significant rootstock × seed meal interaction was detected in the ability of B. napus seed meal and S. alba seed meal amendments to suppress root populations of P. penetrans. When utilized in concert with M7, M26, MM106, or MM111 rootstocks, these seed meals did not provide lesion nematode control, but effective suppression was attained with the Geneva series rootstocks G11 and G30, which overall sustain lower populations of this plant parasitic nematode (17) .
Replant disease continues to be among the most important challenges to the effective re-establishment of apple orchards on sites previously planted to this tree fruit crop. Although preplant soil fumigation is an effective means to control replant diseases (8, 10) , development of alternative methods continues to be warranted due to the environmental issues associated with use of these chemistries, uncertainty concerning their long-term availability, the desire among growers for environmentally sustainable disease control methods, and the need for such alternatives in organic production systems. The series of studies conducted with brassicaceous seed meals indicates that these materials can be effective as a central component of a nonfumigant strategy for the control of apple replant disease. In organic systems, a seed meal formulation is likely to be required to effectively suppress the multiple biological components contributing to replant disease. In conventional production systems, a diversity of brassicaceous seed meals may be suitable for use with the postplant mefenoxam treatment in orchard soils where P. penetrans does not contribute significantly to disease development. Conversely, on sites possessing high lesion nematode densities, among the three seed meals tested, B. juncea seed meal should be a constituent of the formulation, as its prolonged nematicidal activity will be required to attain effective replant disease control (17, 19) . 
